Vaccines 'on demand': science fiction or a future reality
Introduction
In 2010, President Obama called for the launch of a new initiative to develop our ability to respond faster and more effectively to bioterrorism and infectious disease threats at home and to strengthen public health abroad [1] . In particular, the aim was to develop a nimble, flexible capacity to produce medical countermeasures rapidly in the face of any public health attack or threat, known or unknown [2] . One potential solution would be to produce preventive or therapeutic vaccines 'on demand,' though sufficient pace and scale have not been feasible so far. Self-amplifying mRNA vaccines [3, 4] , currently in development at Novartis Vaccines, are produced using a generic manufacturing platform utilizing completely synthetic methods and have potential to meet this aim.
Conventional egg and cell culture-based approaches for vaccine production are not suited to the rapid response requirements for effectively countering emerging pathogens and biodefense threats, as illustrated by the delayed response to the 2009 (H1N1) influenza pandemic. The virus first emerged in 2009 in Mexico and California, and subsequently quickly spread globally. It was antigenically distant from recently circulating seasonal influenza strains and on June 11 the World Health Organization announced community level outbreaks of the new virus in multiple regions of the world, indicating that an influenza pandemic was underway. Three months later, several manufacturers had completed vaccine development, received regulatory authorization, scaled up production and begun to supply vaccines [5] . Despite the unprecedented speed of the response to this pandemic, substantial quantities of vaccine were only available in November 2009, well after the second pandemic wave had peaked [6] . These events provided a strong impetus for the development of next-generation vaccine technologies more amenable to a rapid response. These include mammalian cell culture-based vaccines, novel influenza virus synthetic seed production techniques, VLP-based vaccines expressed from insect cells and plants, a recombinant subunit vaccine expressed from insect cells, a live-attenuated vaccine, mRNA and plasmid (pDNA) vaccines [7] . Current Novartis Vaccine strategies in support of US and global efforts to facilitate a rapid response to newly emerging pandemic influenza threats involve: i) the use of licensed flu cell culture manufacturing technology to replace older manufacturing methods and increase surge capacity in a state-of-the-art, licensed facility; ii) the stockpiling of vaccines prior to an outbreak; and iii) constructing new vaccine variants with synthetic genes, as implemented for the H7N9 influenza response in 2013 [8] .
The recent H7N9 outbreak in China, though not yet designated as a pandemic because of the limited humanto-human spread, has raised considerable concerns due to its pathogenicity [9] . Several of the new technologies listed above have been tested in clinical trials for immunological potency, and some have been added to the strategic national stockpile as a countermeasure against this virus should the situation evolve into a pandemic. In addition, the escalating Ebola crisis in West Africa has accentuated the need for medical countermeasures, such as vaccines to complement global health security activities focused on biosurveillance, and traditional public health strategies, such as containment through contact tracing. In this editorial, we propose an alternative strategy where vaccines could be produced 'on demand' when needed rather than stockpiled prior to a threat that may never occur.
The mRNA vaccine revolution
In 1990, Wolff et al. [10] demonstrated that direct injection of mRNA or pDNA into skeletal muscle of a mouse resulted in expression of the encoded protein. However, the feasibility of developing a prophylactic mRNA vaccine was initially uncertain given concerns about RNA instability and large-scale manufacturing. Hence, DNA became the focus of nucleic acid vaccine research and development for the subsequent 20 years. However, due to technological advancements in RNA biology and chemistry, these issues are no longer perceived as barriers to the wide-spread implementation of the technology. The critical discoveries and events referenced in Table 1 highlight the progress made in the field of RNA-based vaccines and on recent developments with self-amplifying mRNA vaccines. The discovery that lipid-based formulations could be used to deliver self-amplifying mRNA vaccines has the hallmarks of a disruptive innovation, as it brings a completely new approach to vaccine production utilizing a simple, synthetic, rapid, generic and cell-free process, and could enable many new products in the future [11] .
Self-amplifying mRNA vaccines
This vaccine platform is based on a synthetic, self-amplifying mRNA [12] , delivered by a synthetic lipid nanoparticle (LNP) [13] or cationic nanoemuslion [14] . The mRNA can be produced in a few hours by a cell-free enzymatic transcription reaction, which avoids the use of cell culture, and enables simple downstream purification with very rapid and cost-effective manufacturing methods [4] . The self-amplifying mRNA is based on an engineered alphavirus genome containing the genes encoding the alphavirus RNA replication machinery [12] , but lacking the genes encoding the viral structural proteins required to produce an infectious alphavirus particle. Hence, upon delivery of the RNA replicon, a transduced cell undergoes a single round of RNA replication and amplification of mRNA encoding the vaccine antigen but does not produce a new viral particle. Initial preclinical testing of self-amplifying mRNA vaccines has shown non-viral delivery to be capable of producing potent and robust innate and adaptive immune responses in various animal species, including non-human primates (NHPs) [4, [13] [14] [15] [16] . If the encouraging preclinical data on the potency and safety of self-amplifying mRNA vaccines are matched in human trials, this platform could establish RNA vaccines as a versatile new tool for human immunization. 4 . Proof of concept for a rapid response using self-amplifying mRNA vaccines
On 31 March 2013, the China Center for Disease Control and prevention (China CDC) announced a human influenza outbreak with an H7N9 avian influenza strain and posted hemagglutinin (HA) and neuraminidase gene coding sequences on the Global Initiative for Sharing All Influenza Data system. Cellfree gene synthesis and enzymatic error correction were used to make a synthetic HA gene based on this information [15] . This gene was then cloned into the mRNA vaccine DNA template and, using an enzymatic in vitro transcription reaction, the self-amplifying mRNA was produced within 8 days following publication of the HA gene sequence. The RNA was then formulated with an LNP delivery system, mice were vaccinated and the vaccine was shown to be immunogenic at levels considered protective [15] . Figure 1 highlights the steps and timeline involved in making the vaccine. While this was conducted as a research project at laboratory bench scale, it demonstrates the potential capability of this technology for rapid response purposes. Under ideal conditions of readiness, it is anticipated that this timeline could be reduced to 5 days.
Vaccines on demand: Attributes of self-amplifying mRNA vaccines
The platform has four attributes that make it an attractive rapid response platform for pandemic influenza and other newly emerging pathogens or biodefense threats: Table 1 . Time-line of critical discoveries and developments that led to the recent progress on the non-viral delivery of self-amplifying mRNA vaccines.
Year
Critical discovery or event Ref.
1990
Direct injection of mRNA or pDNA into skeletal muscle of a mouse resulted in expression of the encoded protein [10] 1993 mRNA elicited an antigen-specific immune response in mice [23] 1994 Unformulated 'naked' self-amplifying mRNA demonstrated potential for use as a nucleic acid vaccine [24] 1998 Discovery of the RNA interference pathway, the subsequent development of clinically suitable, safe and efficient systemic drug delivery systems for the cytoplasmic delivery of siRNA [25] 2000 Optimization of mRNA vaccines for cancer applications, leading to human clinical trials and development of GMP compliant production methods [26] 2012 Proof of concept that a clinically suitable siRNA LNP delivery system could be used to deliver a self-amplifying mRNA and match the potency of viral delivery [13] 2013 Demonstration that modern synthetic biology tools could be used to rapidly produce a self-amplifying mRNA against H7N9 virus using an electronic gene sequence [15] 2014 Proof of concept that a CNE delivery system could be used to deliver a self-amplifying mRNA and induce a potent immune response in multiple species [14] 2014 A 50 µg dose of a CNE delivered self-amplifying mRNA vaccine was immunogenic in NHPs [16] CNE: Cationic nanoemulsion; LNP: Lipid nanoparticle; NHPs: Non-human primates; pDNA: Plasmid DNA. 1) Raw materials that can be stockpiled and production equipment that can be co-located within a single facility 2) A synthetic and scalable process that is amenable to automation and rapid manufacture of drug product, in the absence of biological systems 3) A robust, generic means to manufacture vaccines against many pathogen targets 4) A small manufacturing footprint with standard, disposable equipment.
Although the effective dose of self-amplifying RNA for humans remains to be determined, two recent studies in NHPs demonstrated that doses < 100 µg of RNA were immunogenic [14, 16] . Moreover, the magnitude of the immune responses elicited by the RNA vaccines was equivalent to or better than benchmark vaccines based on a viral vector or adjuvanted subunit protein previously shown to be immunogenic in humans. With further improvements in RNA vector design and non-viral delivery, effective immune responses in humans could be achieved with RNA doses in the range 1 --10 µg. While this view is only speculative, it is supported by similar achievements in the siRNA field, where novel nucleic acid chemistry and delivery system optimization have resulted in the median effective dose for hepatic factor VII gene silencing after intravenous administration in mouse being reduced from 1 to 0.005 mg/kg (200 fold) [17] .
Conclusions
If this vaccine platform proves safe, potent and well-tolerated in humans, fully synthetic self-amplifying mRNA vaccines could provide unparalleled speed of response to influenza outbreaks, potentially generating vaccine candidates within days after the discovery of a new virus strain. Two key elements of a rapid vaccine response are speed and manufacturing capacity. The graph above (Figure 2 ) models the expected production capacity from an enzymatic in vitro transcription reaction, based on conservative assumptions of a 6 mg/ml yield of RNA [18] and a 20% loss during purification. Depending on the effective human dose, the model predicts that up to millions of doses of vaccine could be produced from a 1L enzymatic transcription reaction in a few hours.
In addition, because one only needs to know the sequence of the target antigen, this vaccine platform could also offer a potential solution for a wide range of additional pathogens, due to the versatility of the manufacturing processes and the broad spectrum of immune responses elicited by the vaccine.
Expert opinion
The prospects for self-amplifying mRNA vaccines are excellent and, like other types of nucleic acid vaccines, they have the potential to combine the positive attributes of live-attenuated vaccines while avoiding some of the inherent potential safety limitations. In addition, the synthetic, cell-free manufacturing approach to vaccine production might enable the concept of vaccines on demand to immediate threats rather than reliance of strategic stockpiles that may not match the outbreak and may need to be replenished over time. While data from preclinical testing are encouraging, self-amplifying mRNA vaccines are far from a commercial product. The processes and procedures to produce and characterize the vaccine for human trials need to be fully developed. Initially, large-scale production of mRNA was viewed as an insurmountable barrier to commercialization, but this perspective has changed and it is now viewed as one of the greatest assets of this vaccine technology. Development of non-amplifying mRNA-based immunotherapies and vaccines are now more advanced [19, 20] . Cost projections for these vaccines produced at an industrial scale are predicted to be competitive, even for the seasonal influenza market [19] , and extended stability in solution or after Projected production capacity from a 1-l transcription reaction (human doses/liter). The model assumes an RNA yield of 6 mg/ml, with a 20% loss during purification. A human dose from the current NHP data is predicted to be 100 µg RNA, but with additional improvements in vector design and delivery it could be reduced to between 1 and 10 µg.
lyophilzation has already been demonstrated [19, 20] . The last decade has seen new regulatory initiatives such as Process Analytical Technology, Quality by Design and Real-time Release [21] . If these practices become widely accepted for vaccine production and are applied to the production of self-amplifying mRNA vaccines, a new paradigm could immerge: 'Vaccines on demand.' In this scenario, a pathogen is isolated in the field, the genome is sequenced, the gene sequence for the antigen is electronically transferred to the production facility, and the vaccine is produced and released within weeks of detection. The main steps in a rapid vaccine response to a newly emerging pathogen are design, evaluation, production, release and clinical testing. For certain types of pathogens, design can be straightforward, such as for pandemic influenza and certain other viruses where the surface glycoproteins are known to be the main target of protective neutralizing antibodies. For other pathogens, bioinformatics and computational approaches may be necessary to rapidly design antigens as targets for protective T-cell responses [22] .
In our opinion, the future and continued success of the RNA vaccine technology lies in the optimization of vaccine potency. For example, based on animal testing,~1 Â 10 4 to 1 Â 10 5 times as much RNA by non-viral delivery is required to achieve equivalent potency compared to viral delivery [3] . Therefore, if needed, there is much room for improvement to increase the efficiency of non-viral RNA delivery. Two key areas for enhancement can be found in engineering of the RNA replicon and formulation to facilitate delivery.
